The demand for catalysts that are highly active and stable for electron-transfer reactions has been boosted by the discovery that [Pt(NH 3 ) 4 ](TCNQF 4 ) 2 (TCNQF 4 ¼ 2, 3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane (1), whereas the same reaction in water affords [Pt(NH 3 ) 4 ](TCNQ) 2 (2). 2 has been previously reported. Both 1 and 2 have now been characterized by single-crystal X-ray crystallography, Fouriertransform (FT)IR, Raman and UV-vis spectroscopy, and electrochemistry. Structurally, in 1, the TCNQ 1-anions form infinite stacks with a separation between adjacent anions within the stack alternating between 3.12 and 3.42 Å . The solvated structure 1 differs from the non-solvated form 2 in that pairs of TCNQ 1-anions are clearly displaced from each other. The conductivities of pressed pellets of 1 and 2 are both in the semi-conducting range at room temperature. 2 can be electrochemically synthesized by reduction of a TCNQ-modified electrode in contact with an aqueous solution of [Pt(NH 3 ) 4 ](NO 3 ) 2 via a nucleation growth mechanism. Interestingly, we discovered that 1 and 2 are not catalysts for the ferricyanide and thiosulfate reaction. Li þ and tetraalkylammonium salts of TCNQ 1À/2À and TCNQF 4 1À/2À were tested for potential catalytic activity towards ferricyanide and thiosulfate. Only TCNQF 4 12/22 salts were active, suggesting that the dianion redox level needs to be accessible for efficient catalytic activity and explaining why 1 and 2 are not good catalysts. Importantly, the origin of the catalytic activity of the highly active [Pt(NH 3 ) 4 ](TCNQF 4 ) 2 catalyst is now understood, enabling other families of catalysts to be developed for important electron-transfer reactions.
Introduction
Investigations of radical anion derivatives of 7,7,8,8-tetracyanoquinodimethane (TCNQ) are extensive owing to their special optical, electrical, and magnetic properties. [1] [2] [3] [4] [5] [6] These novel properties are related, in part, to a propensity to form diverse structural arrangements that vary with the size, identity, and shape of the counter-cation or synthetic reaction conditions. Infinite 'equidistant' stacks of TCNQ or repetition of stacks composed of dimers, trimers, tetramers, and even pentamers [1, [7] [8] [9] [10] [11] [12] [13] [14] [15] are often features that facilitate high electronic conductivity and even metallic behaviour, [1, 16] e.g. TTF-TCNQ (where TTF is tetrathiofulvalene). [2] Metal-based TCNQ compounds that form coordination polymers have also been of interest owing to their semiconducting properties, e.g. Cu-TCNQ and Ag-TCNQ have applications in switching and field emission devices. [17] [18] [19] [20] [21] Furthermore, catalytic applications for TCNQ derivatives have been demonstrated. Some examples of TCNQ-based heterogeneous catalysts are Cu-and Ag-TCNQ and their fluorinated analogues in the electron-transfer reaction of potassium ferricyanide and sodium thiosulfate. [22] The fluorinated derivative CuTCNQF 4 on metallic copper reduced Cr 6þ to Cr 3þ in methanol solution. [23] Also, an unusual nickel TCNQ complex can act as a photocatalyst to produce hydrogen. [24] An organic perylene tetracarboxylic diimide TCNQ charge-transfer compound can also degrade phenols using only visible light. [25] Recently, we reported the synthesis of a DMF-solvated, planar [Pt(NH 3 2 in aqueous solution, exhibited supercatalytic activity for the reduction of ferricyanide to ferrocyanide in the presence of sodium thiosulfate. [26] Encouraged by this result, we report here the chemical and electrochemical synthesis and structural characterization of another DMF-solvated TCNQ material, derived from [Pt(NH 3 2 (2) , which was previously reported [27] and structurally characterized by Endres et al. [28] Both [Pt(NH 3 ) 4 ](TCNQ) 2 U (DMF) 2 (1) and [Pt(NH 3 ) 4 ](TCNQ) 2 (2) are semiconducting solids that have been characterized by Fourier-transform (FT) IR, Raman, and UV-vis spectroscopies, electrical conductivity measurements, and electrochemically. Using a range of electrochemical methods, [29, 30] we probed the mechanism by which a solid-solid phase transformation process occurs in an aqueous solution of [Pt(NH 3 [27] using the same metathesis reaction but in water produced the non-solvated purple microcrystalline [Pt(NH 3 ) 4 ](TCNQ) 2 (2) in 76 % yield. Full details of these syntheses are provided in the Experimental section.
As shown in Fig. S1 (Supplementary Material), the powder X-ray diffraction (PXRD) pattern of 2 agrees well with that calculated from the crystal structure reported for [Pt(NH 3 ) 4 ] (TCNQ) 2 , [28] thus confirming that the solid isolated from water is the non-solvated analogue of 1. Although some similarities are apparent between the crystal structures of 1 and 2, there are several interesting differences, which are discussed below. 2þ complexes to form a 2D network as indicated in Fig. 1a . The TCNQ 1-anions lie on two distinct planes within this network, resulting in a bilayer structure. Within the bilayer, the ammine groups on the [Pt(NH 3 ) 4 ] 2þ cations form hydrogen bonds to the N atoms of the TCNQ 1-anion in both the upper and lower layers; the N?N separations indicated in Fig. 1a by striped connections are in the range 2.95-3.12 Å . The bilayer sheets, depicted in Fig. 1a , stack on top of each other as indicated in Fig. 1b 2þ cation in 1 is almost parallel to the stacking direction of the TCNQ 1-anions, as was the case with the non-solvated structure. However, the plane of the cation is now parallel to the 1,4 axis (i.e. the long axis) of the TCNQ 1- anion, as is also apparent in Fig. 2b . (2) are also similar and exhibit the typical characteristics expected for a TCNQ 1- radical anion (Fig. 3) . [8, 32, 35] The Raman spectrum of neutral TCNQ 0 is characterized by four diagnostic bands: CN stretch at 2227 cm [36] Differences in Raman spectra for 1 and 2 are within experimental error. À1 lies between that of 1 and 2 measured under similar conditions. [26] The origin of this difference in conductivity could be attributed to segregation of the stacks of cations and anions in the crystal. An excellent example is the black and red polymorphs of TMTSF-TCNQ (where TMTSF ¼ tetramethyltetraselenafulvalene), in which the highly conducting black crystals, unlike the red, are arranged in such stacks. [37] However, not all systems behave in this manner and crystal-packing effects can influence electronic properties such as conductivity.
Conductivity Measurements

UV-Vis Spectroscopy
The UV-vis spectra for both [Pt(NH 3 ) 4 ](TCNQ) 2 Á(DMF) 2 (1) and [Pt(NH 3 ) 4 ](TCNQ) 2 (2) dissolved in CH 3 CN show two intense absorption bands with l max at 743 and 420 nm, which is characteristic of the TCNQ 1-anion (Fig. S3 , Supplementary Material). Thus, in solution, the TCNQ moiety is in the dissociated monoanionic radical form only.
Solution-Phase Electrochemistry
The UV-vis data in neat CH 3 
2 ) is 535 mV, as found for the reduction of the parent TCNQ under the same conditions. [38] This behaviour implies that [Pt(NH 3 ). The remaining ,5 % of the total current associated with the first process is a reductive current, arising from regeneration of TCNQ 0 (origin unknown). This voltammetric finding is fully consistent with IR, Raman, and X-ray structural data, thereby confirming that chemically synthesized 1 and 2 contain only the radical anion and not the neutral or dianionic forms. 2 electrolyte showed no faradaic current. However, on modification of the GC electrode with microparticles of TCNQ (mechanical attachment method), [38] symmetrical and reproducible voltammetric responses were obtained, as shown in Fig. 4 [39, 40] group II (alkaline earth) [41, 42] cation or first-row transition metal cation. [36, 38, [43] [44] [45] On this basis, the observed voltammetry is attributed to the one-electron reduction of solid TCNQ 0 to TCNQ Although the large value of DE p of 210 mV and hence an 'inert zone' is expected for an electrochemically irreversible solid-solid phase transformation via a nucleation, growth reaction, [39, [46] [47] [48] the process has the characteristics of chemical reversibility, as evidenced by the identical (within experimental error) electric charge (Q) associated with the reduction (Q red À1.82 Â 10 À6 C) and oxidation (Q ox 1.81 Â 10 À6 C) components, with Q values given relevant to conditions in Fig. 4 .
As seen for some other TCNQ 0/1-solid-solid interconversion reactions, the peak current heights for oxidation and reduction diminish on repeated cycling of the potential using either the mechanical attachment or drop-casting methods to prepare the TCNQ-modified electrode (Fig. 5) . [29] This behaviour is consistent with slow dissolution of the electrochemically generated and sparingly soluble [Pt(NH 3 ) 4 ](TCNQ) 2 material. Importantly, only one oxidation process is observed even after 50 cycles over the potential range, thereby implying that only one phase of [Pt(NH 3 ) 4 ](TCNQ) 2 solid formed. In addition, the analysis of the Raman spectrum of this solid [Pt(NH 3 ) 4 ] (TCNQ) 2 revealed that the electrochemically generated solid material derived from reduction of TCNQ that adhered to an indium tin oxide (ITO) electrode is the same as the chemically synthesized 2 (Fig. S5, Supplementary Material) [36, [38] [39] [40] [43] [44] [45] This effect is also apparent when the scan rate is increased from 5 to 50 mVs À1 (Fig. S6a , Supplementary Material). However, the dependence of the midpoint potential
(aq) electrolyte concentration over the range of 5 mM to 0.50 M using TCNQmodified GC electrode (mechanical attachment) and a scan rate of 20 mV s À1 is relatively small, ,8 mV shift per decade change in concentration as shown in Fig. 6 and Table 1 .
All voltammetric data are consistent with the electrode process being described by Eqn 1: (Fig. 7) . [26] The similarity with the [Pt(NH 3 ) 4 ](TCNQ) 2 salts suggested an investigation of 1 (2) as potential catalyst(s) for the same redox reaction. However, [Pt(NH 3 ) 4 ](TCNQ) 2 (2) formed in contact with aqueous solution (see above) showed no catalytic behaviour. The most significant difference between the TCNQ and TCNQF 4 species is the shift in reversible potential for the reduction of the neutral to mono-and further to the dianionic species, DE ¼ 0.36 and 0.37 V respectively in CH 3 CN. [50, 51] Thus, to probe the origin of the catalytic activity further and to assess whether the difference in the reversible potential of the TCNQ (F 4 ) 12/22 process contributed to it, several TCNQF 4 -based complexes were tested as catalysts for the reaction of ferricyanide and thiosulfate ions in aqueous solution. Salts of the TCNQ dianion are rare and unstable; [50, 52, 53] however, the TCNQF 4 22 (Pr 4 N) 2 TCNQF 4 and Li 2 TCNQF 4 both exhibited catalytic activity for the ferricyanide-thiosulfate reaction in aqueous solution (Table S1 , Supplementary Material). Furthermore, LiTCNQF 4 was catalytically active but not the TCNQ 1- 
or the neutral TCNQ and TCNQF 4 parent molecules (Table S1 , Supplementary Material). We can now rationalize the role of the catalyst as requiring both mono-and dianionic forms to enable efficient catalytic activity for the ferricyanide-thiosulfate reaction. Clearly, the more negative potential required to form TCNQ 22 limits its catalytic activity under similar conditions to [Pt(NH 3 ) 4 ](TCNQF 4 ) 2 U(DMF) 4 . [26] Of course, variation in the solubility products of the TCNQ solids is also likely to contribute to differences in their reversible potentials in aqueous solution. Interestingly, O'Mullane et al. [54] found that thin films of either CuTCNQ or AgTCNQ were catalytically active, although the rates of ferricyanide reduction were very much slower than their TCNQF 4 analogues. Similarly, CuTCNQF 4 supported on Cu foil was an efficient catalyst for the reduction of Cr 6þ to Cr 3þ in solution containing methanol and the reaction rate was enhanced significantly by UV irradiation. [23] Finally, a novel nickel complex containing formally neutral TCNQ was an effective catalyst for hydrogen production in ethanoic acid or water, although the mechanism proposed employs Ni centre shuffling through three oxidations states (Ni I/II/III ). [24] Clearly, these results illustrate the important balance (2) in several significant ways. The nature of the stacking of the TCNQ 1-moieties explains the semiconductivity of microcrystalline pellets of 1 and 2 at room temperature. Although the synthesis and structure of 2 have been described previously, the electrochemical synthesis is reported for the first time using solid-solid-state electrochemical methods. A range of physicochemical methods including vibrational (Raman, FTIR) and UV-vis spectroscopies as well as solution and solid-state electrochemistry provided comprehensive characterization of both compounds. Interestingly, we found that only a subtle change in solvent conditions was required to determine whether the products 1 or 2 formed. 6 ]), sodium thiosulfate (Na 2 S 2 O 3 ), ferrocene (Fc), and lithium iodide (LiI) were used as received from Aldrich. TCNQ (Aldrich) was recrystallized from acetonitrile before use. Methanol, acetonitrile (CH 3 CN), diethyl ether, and DMF were purchased from Aldrich and were dried before use. Tetrabutylammonium hexafluorophosphate (Bu 4 NPF 6 ) was purchased from GFS and recrystallized twice from ethanol before use. All aqueous solutions were prepared from water (resistivity of 18.2 MO cm) purified by a Sartorius Arium 611 system. LiTCNQ was synthesized by a literature procedure. [55] Synthesis of [Pt(NH 3 
Physical Characterization Procedures
Microanalyses were carried out at the Campbell Microanalytical Laboratories, University of Otago, New Zealand. FTIR spectra were recorded using a Spectrac Diamond ATR instrument. Raman spectra were acquired with a Renishaw Raman RM2000 spectrometer and microscope using a laser strength of 18 mW at a wavelength of 514 nm. Powder X-ray diffraction was measured with a Bruker diffractometer fitted with CuKa radiation (l 1.5418 Å ). An aluminium insert was used owing to limited sample quantity.
1 H NMR spectra were recorded using a Bruker DPX 300 spectrometer.
1 H resonances were referenced to the residual hydrogen from D 2 O (d 4.77 ppm versus TMS).
Single-Crystal X-Ray Crystallography and PXRD Single-crystal X-ray data on [Pt(NH 3 ) 4 ](TCNQ) 2 Á(DMF) 2 (1) were collected on an Oxford Diffraction Supernova diffractometer. The crystal was transferred directly from the mother liquor to a viscous protective oil and then placed in a stream of nitrogen at 130 K on the diffractometer. The structure was solved using direct methods and refined using a leastsquares procedure based on F 2 . [56] The structural analysis was undertaken within the WinGX suite of programs. [57] Crystal data: monoclinic, P2 1 /m, a 6.8940 (8) (2) were sandwiched between fluorinedoped tin oxide (FTO)-coated glass slides and gently clamped to secure good electrical contact. Conductivity measurements on the pellets of 1 and 2 were carried out as DC measurements using chronoamperometry for a range of voltage steps. The calculated resistance (from R ¼ V/I) was constant in the voltage range used, indicating a simple ohmic resistor. The resistance contribution from the FTO glass slide (10 O per square) was found to be negligible compared with the resistance of the pellets. The conductivity (s) was calculated as s ¼ t/(R Â A) where t and A are the thickness and area of the pellets.
Electrochemical Procedures and Instrumentation
Electrochemical studies were undertaken with an Autolab PGSTAT100 (ECO-Chemie) workstation using a standard three-electrode cell configuration. Glassy carbon macrodisc (1-and 3-mm diameter, Bionalytical Systems), 10-mm-diameter Pt macrodisc, and ITO-coated glass (0.06-0.1 cm 2 area) having a 10 O per square sheet resistance (as quoted by the manufacturer Präzisions Glas und Optik GmbH) were employed as the working electrodes. The procedures used for polishing these electrodes are described elsewhere. [35, 36, [38] [39] [40] For studies in water, the reference electrode was an aqueous Ag/AgCl (3 M KCl, Bioanalytical Systems) and the counter-electrode was a platinum wire. A stream of N 2 gas was used to purge the aqueous solutions and a flow of this gas was maintained above the solution during the course of electrochemical experiments. Immobilization of solid TCNQ onto the surface of GC or ITO was accomplished by either the drop-casting or mechanical attachment methods. Details of these approaches are described elsewhere. [31] [32] [33] [34] [35] For non-aqueous voltammetric studies, the same procedures and electrodes were used as in aqueous media except that an AgCl-coated silver wire, separated from the test solution by a salt bridge containing acetonitrile (0.1 M Bu 4 NPF 6 ), was used as the reference electrode. The potential of this Ag/Ag þ reference electrode is À0.294 V versus the ferrocene/ferrocenium (Fc 0/þ ) redox couple.
Supplementary Material
Physicochemical characterization of compounds and reactivity data, including the powder XRD diffraction, vibrational (FTIR and Raman) and UV-vis spectra, solution and solid state (votammetric and chromoamperometic) electrochemistry, 1 H NMR and catalytic studies, are available on the Journal's website.
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